We analyze archival Rossi X-ray Timing Explorer (RXTE) Proportional Counter Array (PCA) data of the low mass X-ray binary (LMXB) system XB 1254-690. We calculate colour-colour diagram, hardness-intensity diagram and power spectra of this source and establish that XB 1254-690 is an atoll source. We also find moderate evidence of millisecond period brightness oscillations at the frequency ∼ 95 Hz during a thermonuclear X-ray burst. This is the first such finding from this source, which suggests that the spin frequency of the neutron star in XB 1254-690 is ∼ 95 Hz. We discuss that, if confirmed, such a low spin frequency will be useful for the detection of spectral lines from the surface of the neutron star.
INTRODUCTION
XB 1254-690 is a persistent low mass X-ray binary (LMXB) system (Griffiths et al. 1978) , that exhibits energy dependent intensity dips (Courvoisier et al. 1986 ) with the binary orbital period (∼ 3.88 hr). This modulation of soft X-ray intensity is believed to be caused by structures above the accretion disc (White & Swank 1982) . This is possible only if the dippers are high inclination systems, so that the line of sight passes through these structures. Therefore, dippers provide an opportunity to constrain the properties of the upper layers of accretion discs (and the photoionized plasma above them; Jimenez-Garate et al. 2003) in LMXBs. However, in order to understand the nature of these X-ray emitting and absorbing components, it is essential to identify various states of the source, and to correlate the observed timing and spectral features with these states. But, no detailed timing properties of XB 1254-690 have previously been reported. Moreover, the nature of this source is not yet established (e.g., Z, atoll, etc.; see, for example, van der Klis 2004; Kuulkers et al. 1997; Wijnands et al. 1998; Homan et al. 2002; Agrawal & Bhattacharyya 2003) . Here we note that, although Gladstone, Done, Gierliński (2006) have recently included XB 1254-690 in the list of atoll sources, these authors have not given a discussion to justify this, have not shown a separate colour-colour diagram (van der Klis 2004; Belloni & Hasinger 1990; Olive, Barret, Gierliński 2003; Jonker et al. 2000) of this source, and have not done timing analysis using the RXTE PCA data of XB 1254-690 in order to find the nature of this source. ⋆ E-mail: sudip@milkyway.gsfc.nasa.gov XB 1254-690 also exhibits type-I X-ray bursts (Mason et al. 1980; Courvoisier et al. 1986 ) and superbursts (in 't Zand et al. 2003) . These bursts are produced by thermonuclear burning of matter accumulated on the surfaces of accreting neutron stars (Woosley & Taam 1976; Lamb & Lamb 1978) , which shows that XB 1254-690 contains a neutron star. During many such bursts from some other LMXBs, the combination of rapid stellar rotation and an asymmetric brightness pattern on the neutron star surface gives rise to observable millisecond period brightness oscillations (Strohmayer & Bildsten 2006) . The frequency of these oscillations is very close to the stellar spin frequency , and hence these oscillations provide the value of this stellar parameter. Moreover, as this timing feature originates from the surface of the neutron star, its detailed modelling may be useful to constrain stellar structure parameters, and hence the equation of state models of the dense matter in the neutron star core Nath, Strohmayer, Swank 2002; Miller & Lamb 1998) . Besides, bursts are expected to ignite at a particular point on the stellar surface, and then spread to burn all the surface fuel (i.e., accreted matter; Fryxell & Woosley 1982; Cumming & Bildsten 2000; Spitkovsky, Levin, Ushomirsky 2002) . Therefore, detailed modelling of the evolution of burst oscillations and other burst properties will provide understanding of thermonuclear flame spreading under extreme physical conditions that exist on neutron stars (Bhattacharyya & Strohmayer 2005; 2006c) . However, until now, burst oscillations from XB 1254-690 have never been reported, and the spin frequency of the neutron star is not known. Therefore, the de-tection of these oscillations from this source will be very useful to constrain the neutron star parameters.
In this paper, we perform timing analysis of the RXTE PCA data of XB 1254-690, and find suggestive evidence of oscillations from one type-I (thermonuclear) burst. We also calculate the colour-colour diagram (van der Klis 2004), correlate broad timing features with different portions of it, and establish that XB 1254-690 is an atoll source. In § 2, we describe our data analysis procedures and results, and in § 3, we discuss the implications of these results.
DATA ANALYSIS AND RESULTS
The LMXB system XB 1254-690 was observed with RXTE in the years (proposal numbers) 1996 (P10068), 1997 (P20066), 2001 (P60044) and 2004 (P90036). We have used 2001 and 2004 data (∼ 185 ks of observation time) for calculating the colour-colour diagram (CD), as these data are from the same gain epoch (epoch 5) , and hence the gains of the Proportional Counter Units (PCUs) are almost same. This ensures minimal shifting of the source track in the CD due to the differences of the energy boundaries. The PCUs 0, 2 and 3 were reliably on during these observations, and we have used the data from these PCUs (and only from the top Xenon layers to increase signal to noise) to calculate the CD. For the 2004 data, we have defined soft and hard colours (used in the CD; Fig. 1 ) as the ratio of the background-subtracted counts in the (3.5 − 5.1)/(2.2 − 3.5) and (8.5 − 18.1)/(5.1 − 8.5) keV energy bands respectively. We have also calculated a hardness-intensity diagram (HID) using these data with the background-subtracted intensity in the energy range 2.2 − 18.1 keV. These definitions, which are also very similar to that used for our 2001 data, are close to the definitions used by Muno, Remillard & Chakrabarty (2002; hereafter MRC) . This will facilitate the comparison of our results with those of these authors.
In order to explore the nature of XB 1254-690, first we have calculated a typical X-ray flux from this source by fitting a spectrum with a model. The 2 − 20 keV flux is ∼ 1.2 × 10 −9 ergs cm −2 s −1 . Assuming (1) this to be the bolometric flux, (2) the source distance in the range 8 − 15 kpc (Motch et al. 1987) , (3) the neutron star mass in the range Mx = 1.4 − 2.0M⊙, and (4) the expression of Eddington luminosity as L Edd = 1.3 × 10 38 (Mx/M⊙) ergs s −1 (for ionized hydrogenic accreted matter; Shapiro & Teukolsky 1983), we have found the source luminosity in the range 0.04L Edd − 0.18L Edd . These luminosities are very consistent with those of atoll sources (van der Klis 2004).
We have, then, compared our CD ( Fig. 1) with that of MRC. Fig. 1 of MRC shows that the flaring branches (FBs) of Z sources have hard colours less than 0.3 (except for GX 17+2). As the hard colour of XB 1254-690 is always greater than 0.3, this indicates that if this source is a Z source, it was not in a FB state during the 2001 and 2004 observations. Besides, during these observations the source showed frequent flares, which are not usual for the other two states (normal branch and horizontal branch) of Z sources. Therefore, it is not likely that XB 1254-690 is a Z source. Moreover, the typical luminosities of Z sources are close to the Eddington luminosity (van der Klis 2004), and hence much higher than the luminosity of XB 1254-690. Therefore, we conclude that XB 1254-690 is not a Z source. Fig. 1 of MRC shows that the hard colours of atoll sources are always greater than 0.3 (except for GX 13+1). This, and especially the observed hard colours of the banana branches of atoll sources (see MRC) strongly indicate that XB 1254-690 is an atoll source, and it was in the banana branch during 2001 and 2004 observations (see Fig. 1 ). The following findings also suggest that XB 1254-690 was in banana branch during these observations: (1) the source covered a large part of its CD track in a few hours, and (2) the source hardened as its intensity increased (i.e., possibly went into upper banana (UB) state from lower banana (LB) state; van der Klis 2004).
To confirm the identification of the banana state of XB 1254-690, we have computed and fitted the power spectra of the source during low intensity and high intensity for each of 2001 and 2004 data ( Table 1 ). The chosen 2001 data sets are from the same ObsID, which shows that the source intensity can significantly change with a timescale of hours. Both the power spectra from these low intensity and high intensity data sets can be well fitted with a 'constant+powerlaw' model (no. 1 & 2 of Table 1 ). The 'constant' describes the Poisson noise level, and the 'powerlaw' describes the very low frequency noise (VLFN). The detection of the latter noise strongly indicates that the source was in banana state during the 2001 observations (van der Klis 2004). Moreover, the strength of the VLFN increases with the intensity and the hardness of the source. This, and the disappearance of the VLFN during the low intensity state of the 2004 data (Table 1 and Fig. 2 ) are also consistent with banana state properties of atoll sources (van der Klis 2004). We also note that the power spectrum of the low intensity 2004 data can be well fitted with a 'constant+Lorentzian' (Fig. 2) . The 'Lorentzian' indicates a broad hump, or alternatively a band-limited noise (BLN; van der Klis 2004).
We have detected five type-I (thermonuclear) X-ray bursts from XB 1254-690: one from 1996 data and four from 2001 data. All of them are non-photospheric-radiusexpansion bursts with the peak count rates in the range ∼ 500 − 800 counts s −1 PCU −1 (for all the detector channels). None of the 2001 bursts shows significant millisecond period brightness oscillations. However, we have found suggestive evidence of burst oscillations during the rising portion of the 1996 burst. In the inset panel of Fig. 3 , we show the first power spectrum that we have calculated using 16 µs event mode data and a 1 s time interval (i.e., 1 Hz frequency resolution). This interval starts at the time when the burst count rate starts rising sharply. We have found a candidate peak at ∼ 95 Hz with the power of ≈ 24.3. The probability of obtaining a power this high in a single trial from the expected χ 2 noise distribution (2 dof) is ≈ 5.33 × 10 −6 . Multiplying this with the number of trials (N trial ) gives the significance of this peak. As the recent X-ray and radio timing measurements indicate that the neutron star spin frequency cuts off sharply around an upper value of 700 Hz (Chakrabarty 2005) , we search for the burst oscillations up to this value of frequency. This gives N trial = 700 for 1 Hz frequency resolution. Therefore the oscillations (at ∼ 95 Hz) of the 1996 burst are detected with a moderate significance of ∼ 2.9σ. We have also fitted the phase-folded lightcurve of 1 s of data (the same data used to calculate the power spectrum of Fig. 3 ) with a combined model of a sinusoid and a constant (χ 2 /dof = 3.2/13), and found that the oscillation rms amplitude is 0.31±0.07. These values of fractional rms amplitude are consistent with that expected for a hot spot on a spinning neutron star surface (Miller & Lamb 1998) . These values are also consistent with the rms amplitude value (= 0.27) obtained from the formula (Pn/I) 1/2 (I/(I −B)) (Muno,Özel, Chakrabarty 2003) . Here Pn is the power at the nth bin of the Fourier spectrum, I is the total number of counts in the profile, and B is the estimated number of background counts in the profile.
Next, we have calculated dynamic Z 2 power spectra (Strohmayer & Markwardt 1999) in order to get a rough idea about possible burst oscillation frequency evolution. We have used 1 s intervals to compute Z 2 power spectra, and started a new interval every 0.1 s. The corresponding power contours (see Fig. 3 ) are associated with the rising portion of the burst profile, and the oscillation frequency seems to decrease somewhat with time (judging from the contours). We note that such evolution of burst oscillation frequency is fairly typical for oscillations seen in other burst sources (Strohmayer et al. 1998; Bhattacharyya & Strohmayer 2006c; ).
DISCUSSION
In this paper, we have estimated the luminosity range (in the unit of Eddington luminosity) of XB 1254-690, calculated the colour-colour diagram, hardness-intensity diagram and persistent emission power spectra of this source, and established that this source is an atoll source. This will facilitate the findings of the correlations of various observable timing and spectral features (such as X-ray absorption lines; Boirin et al. 2004 ) with the different source states. As we have mentioned in § 1, these correlations, in addition to the knowledge of the atoll nature of this source, will be particularly useful to understand the properties of the upper layers of accretion discs (and the photoionized plasma above them) in LMXBs.
We have reported a moderate evidence of burst oscillations (frequency ∼ 95 Hz) for the first time from XB 1254-690. This is important, because with this finding, a confirmation of these oscillations with future observations will require a search in only a few frequency bins (around 95 Hz), as the burst oscillation frequency does not vary by more than 3 − 4 Hz (Strohmayer et al. 1998; Bhattacharyya & Strohmayer 2006c ). This will make the N trial value very small (see § 2), and hence may facilitate a very significant detection of burst oscillations. Our suggestive evidence of oscillations also indicates that the spin frequency of the neutron star in this binary system is ∼ 95 Hz (see § 1). If this is true, then XB 1254-690 is a promising source to search for surface spectral lines (which can be used to determine the stellar radius-to-mass ratio) from the neutron star. This is because, the only LMXB, from which such lines have so far been detected, is EXO 0748-676 (XMM-Newton data; Cottam, Paerels, Méndez 2002), and this LMXB is similar to XB 1254-690 in the following ways: (1) both are dippers, (2) both have relatively low neutron star spin frequency (45 Hz for EXO 0748-676; Villarreal & Strohmayer 2004) , and (3) each of them contains a neutron star with relatively low magnetic field (as none of them is an accretion-powered pulsar). Now, XMM-Newton could detect the surface spectral lines significantly from EXO 0748-676, and Cottam et al. (2002) could identify these lines unambiguously for the following reasons: (1) these absorption lines were narrow (because of the relatively low stellar spin frequency; Bhattacharyya, Miller, Lamb 2006b; see alsoÖzel & Psaltis 2003; Chang et al. 2006) , and hence had significant depths, and (2) the effects of the relatively low stellar magnetic field on the spectral lines were small. Therefore, as the neutron star spin frequency and magnetic field for XB 1254-690 are also low (if the suggested spin frequency (∼ 95 Hz) is true), surface spectral lines may also be detected from this source with XMM-Newton and other high spectral resolution missions. Hence, it is important to confirm the suggested spin frequency of the neutron star in XB 1254-690 with further observations.
We have found evidence of oscillations from only one burst out of five, although the properties of all these bursts are similar. This is typical of other burst oscillation sources, and may be understood from the the recent work of Spitkovsky et al. (2002) . According to these authors, the low-latitude (at or near the equator) ignition of bursts is much more likely than the high-latitude ignition. Moreover, if a burst is ignited close to the equator, the high flame spreading speed near the equator (compared to that near the poles) makes the burning region φ-symmetric almost instantly, and oscillations do not occur due to the lack of a φ-asymmetric hot spot. Perhaps, this is why we do not observe oscillations from most of the bursts, and the only bursts that are ignited significantly away from the equator and the poles can give rise to φ-asymmetric hot spots, and hence oscillations. We also note that the oscillations from the 1996 burst did not occur during the entire rising phase, and disappeared much before the burst intensity peak (see Fig. 3 ). This might be because of either of the following reasons: (1) the flames engulfed the whole stellar surface before the intensity peak was reached; or (2) the visible (to the observer) burning region became φ-symmetric before the intensity peak was reached. A plausible situation in which the latter can happen is the following. If a burst is ignited in the southern hemisphere of the neutron star (while the observer's line of sight passes through the northern hemisphere), the initial φ-asymmetric burning region may quickly become φ-symmetric (after the flames cross the equator; see Fig. 8 of Spitkovsky et al. 2002) , and the residual asymmetry of the southern burning front (see Bhattacharyya & Strohmayer 2006c; Fig. 8 of Spitkovsky et al. 2002) may go out of the sight of the observer. From this time, the observer will see a φ-symmetric (but expanding until the entire stellar surface is ignited) burning region, and the oscillations will disappear. However, we emphasize that detailed numerical simulations (including the main physical effects; e.g., the surface magnetic field) are required to establish the flame spreading interpretation of various burst oscillation properties during burst rise.
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The author thanks Tod E. Strohmayer for detailed discussion and helpful suggestions. Table 1 . Each panel shows the data points and the best fit model (solid line). The data of the upper panel are fitted well with 'constant+Lorentzian', while the best fit model for the lower panel data is 'constant+powerlaw'. The 'constant' describes the Poisson noise level, the 'Lorentzian' indicates a broad hump or a band-limited noise (BLN), and the 'powerlaw' describes the very low frequency noise (VLFN). These indicate that XB 1254-690 was in banana state during these observations. The horizontal lines around the data points give the frequency bin, and the corresponding vertical lines give the 1σ errors of powers. Figure 3 . A thermonuclear X-ray burst from XB 1254-690 (1996 data). The main panel shows the PCA count rate profile and the power contours (of burst oscillations) using the dynamic power spectra (for 1.0 s duration at 0.1 s intervals; Strohmayer & Markwardt 1999) . Contours at power levels of 19, 21, 23, 25, 27, 28 .8 are given. The inset panel shows a power spectrum of 1 s interval (the first such interval after the burst count rate starts rising sharply) with 1 Hz frequency resolution. The peak near 95 Hz implies a significant signal power. This figure indicates that the spin frequency of the neutron star in XB 1254-690 is ∼ 95 Hz.
